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1. | ntroduction

1.1 Purpose

This module describes the capabilities of the Block-V Receiver asinstalled
at the Deep Space Communications Complexes (DSCCs). It is intended to provide
sufficient information to enable telecommunications engineers to predict telemetry
performance when using the Block-V Receiver.

1.2 Scope

The scope of this module is limited to those features of the Block-V
Receiver that have adirect effect upon telemetry performance.
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2. General Information

Figure 1 shows the architecture of the Block-V Receiver. At the front of
the receiver are multiple stages of analog downconversion. The hardwansithged
these stages depends on the banehioh the downlink is operating. The local oscillators
remain at a constant setting for the duration of a tracking pass. chEmmel-select
synthesizer is adjusted befaifee beginning of apass to a valuappropriate for the
channel (withinthe band) of thexcoming downlink signal. The anti-aliasing filter is a
necessaryrecursor tassampling, andhe Automatic Gain Control (AGC) isreecessary
precursor to quantization. Carrier, subcarrier @ychbol synchronizatiorare all
performeddigitally within the digital demodulator (Referend®. Dopplercompensation
is also done within thdigital demodulator. Theutput of thereceiver is a stream of soft-
guantized symbols, suitable for input to a decoder.

The Block-V Receivediffers markedly fronthe earlier analog receivers,
the Blocklll and BlocklV, in anumber of importantespects. The Block-YReceiver
incorporatesmuch of the functionality of the Basebandssembly (namelysubcarrier
demodulation andsymbol synchronizatiorand detection) so that tle@itput of this
receiverwill ordinarily interface directly with decoder. (When an array of antennas is
used, however, there will be eombiner betweerthe receivers and the decoder.)
Furthermore, the Block-V Receiver ctnack either a redual carrier or a suppressed
carrier, the latter by use of a Costas loop (Reference 2).

Sincethe feedback loops (carrier, subcarrier, symbol) ofthe Block-V
Receiver are completely digital with loop filters implementesbiitware, loogbandwidths
can befreely closen by the user from a continuumpafssible values.Moreover, loop
bandwidths can be changed during a tracking pass withdag Igshase-lock. This
flexibility in the selection and change of loop bandwidth obviateginbeof coarse
bandwidth adaptivityhtat wadbuilt into the analog receivers. (The Block-11l and Block-
IV Receivers were designed with bandpassters precedingthe final carrier phase
detector, causing carrier loop bandwidth to vary with signal level.)

The Block-V Receiver offers th@rospect otusing verysmall carrier loop
bandwidths. This is made possiblettwp elements of this receiver's design. The carrier
loop is closed at an intermediate-frequesiage which reduces the amount ékquency
multiplication requiredwithin the loop; and the loop closure is digitahich makes the
loop parametersiumeric. These design elements endaop stability that is much
superior to that of thanalog receivers. As a result, the narrowest carrierdangwidth
that can be used with the Block-V Receiveinsted only bythe inherenstability of the
incoming carrier and by the amount of uncompensated Doppler dynamics present.

2.1 Telemetry Capability

Table 1 showshe types of telemetisignalsthat can be tracked by the
Block-V Receiver. Table 2 shows the symbol rates that can be tracked.
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Figure 1: Block-V Receiver Architecture
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Table 1. Telemetry Capabilities of the Block-V Receiver
Data Formats: NRZ (-L, -M, -N), Bp-(-L, -M, -N)

) residual - carrier BPSK
Modulation Types:

suppressed - carrier BPSK

Subcarriers: squarewave, sinewave

Symbol Rates: see Table 2

200 Hz, residual carrier

Carrier Loop Bandwidth: B, ‘{min(ZOO Hz, Ry,/20, suppressed carrier

Loop Types: 2,3

Table 2: Symbol Rates With the Block-V Receiver

Residual-Carrier

Subcarrier Present 4 spsRyyys 0561,
Direct Modulation
NRZ 4sps<sR,y< 26 Msps
Bi-¢ 4 sps< R, < 13 Msps
Suppressed-Carrier
Subcarrier Present B <R,<s 0.67f, ...
Direct Modulation
NRZ 20B, < Ryys 26 Msps
Bi-@ 20B, < R, < 13 Msps
2.1.1 Modulation

The Block-V Receiversupports both residual-carrier and suppressed-
carrierBinary Phase-ShiKeying (BPSK). A suppressed carrier is tracked with a Costas
loop.

The Block-V Receiver coherently demodulates telemetry subcarriers,
whether squarewave or sinewave. Non-Return to Zero (NRZ) ang @ie.,
Manchester) data formats are supported.

When theincoming carrier has a quadriphase signal structure—such as
Quadriphase-Shift Keying (QPSK), Offset QPSK, or unbalanced QP SK-symithols on
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both thein-phase andjuadrature components of the carrier, the Block-V Receiver can
synchronize to the carrier and coherently demodulate and detect the symbols on both of its
components. However, the DS8bwnlink processing currentlgoes notmake a
provision for dealing withthe ambiguous multiplexing othe in-phase andjuadrature
components inherent in QPSK demodulation. Thus, in the cwyst@m configuration,

QPSK and OQPSK are not supported by the DSN.

2.1.2 Symbol Rate

When tracking a residual carrier, the smakgstbolrate R,,,, thatcan be

used is 4 sps. When tracking a suppressed carrier, there is an additional constraint,
involving the loop bandwidtB, of the Costas loop:

% >20, suppressed carrier (1)
L

It is recommendedhat thesymbol transition density bgreater than or
equal to 0.25. (Itis 0.5 fdruly randomdata.) When theymboltransition density itess
than 0.5, moresignal-to-noise ratio M/ be required in thesymbol synchronizatiotoop
(see section 2.4.5).

The baseband telemetry bandwidthtloé Block-V Receiver is 36 MHz
(half-power, i.e., -3 dB). In thabsence of subcarrier, theaximum symbotate that the
Block-V Receiver can demodulate amhetect is 26 Msps for NRZ datad 13 Msps for
Bi-@ (Manchester) data. Tlielemetry processing stages that are downstream from the
Block-V Receiver ar@ot able to handle such larggmbolrates. It is these latter stages
that set an uppdmit on symbolrate thatcan be handled ke telemetrgubsystem.
Module TLM-10 should be consulted for more information.

If the symbol rate is derived from thesame frequencyource as the
subcarrier frequency (i.e., synchronous), it is recommendedhira be at least three
subcarrier cycleper datassymbol. Ifthe subcarrier anslymbolrate areasynchronous, a
subcarrier frequency teymbol rate ratio of greater than 1.5 kecommended.
Furthermore, it is recommendeldat all poposedcombinations of subcarrier frequency
and symbolrate be tested to ensuefficient subcarrier demodulation. If the subcarrier
and symbolrate areasynchronous, threquency difference betweehe subcarrier and
any ofthe first terharmonics othe symbolrateshould be greater than thandwidth of
the subcarrier loop.

2.1.3 Carrier Loop Bandwidth

In this module, carriedoop bandwidth meansthe one-sidedjoise-
equivalent carriefoop bandwidth of the Block-V Receiver. lilwbe denotedB, . The
carrier loop bandwidth of the Block-V Receiveray beprecisely selected from a
continuum of possible values (over some range that is characterized by an upper and lower
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limit). Unlike the Block-11l and Block-1V Receivers, the Block-V Receidees nohave

a predetection bandpdssiter; thus, its carrier loop bandwidttoes notvary with signal
level. Withthe Block-V Receiver, the useray make a precise selection fBy andthat
selection will continue to characterize the carrier loop even in the presencarging
signal level. The usemay choose to changB, during a tracking pass and this can be
implemented without losing phase-lock, assuming the change is not too large.

There ardimits onthe carrier loop bandwidthB, can be no larger than
200 Hz. The lowefimit on B, is determined by the phase noise ondbenlink. In
addition, when operating in the suppressed-carrier ngdis, subject to the constraint of
inequality (1).

In general, thevalue selectefbr B, should besmall inorder tomaximize
the carrier loop signal-to-noise ratio. On titkerhand, B, must be large enoughat
neither of thdollowing variables becoméso largethe static phaserror due tadDoppler
dynamicsthe contribution to carrier loop phaseor variancedue to phase noise on the
downlink. The besB, to select will depend on circumstances. Often, it wilbbssible
to select aB, of less than 1 Hz. A largaralue for B is necessary when there is
significant uncertainly ithe downlink Dopplerdynamics, whethe sun-earth-probangle
is small(so thatsolar coronal phasgcintillationsare present on the downlink), when
the transmitter (such as an Auxiliary Oscillator) has relatively poor frequency stability.

The usemay select eithertgpe 2 or type 3 carrier loop. Both lotypes
are perfect, meaning that the loop filter implements a true accumulation.

2.2 Definitions

A residual carrier is present in each of #odlowing cases: with no
subcarrier the modulatiomdex is lessthan 80, with a squarewave subcarrier the
modulation index is less than“@@vith a sinewave subcarritre peak modulatiomdex is
less than 105% The carrier is suppressed when there is either no subcarrier or a
squarewave subcarrier and the modulation index°is 90

P is the totakreceived signgbower at the input to thew-noiseampilifier.
N, Is the one-sided noise spectd®nsity referenced tthe input to the low-noise
amplifier; it equalghe system noiséemperature (referenced to the input to the low-noise
amplifier) timesthe Boltzmannconstant,1. 380622 10° W/(Hz[K). In decibel units,
the Boltzmann constant 228 6dBW/ (HzLK). The ratioR, /N, is a useful parameter.

If a single telemetry channel jgesent and there is a residual carrier, the
carrier powerP. and data powel, are given by



810-5, Rev. D; Vol. |

TLM-21
P.cog 8, no subcarrier or squarewave subcarrier
R.J,"(8), sinewave subcarrier
_ | Bsin®*, no subcarrier or squarewave subcarrier 3)
° P.23%(0), sinewave subcarrier

where® is the peak modulation index. In the case sihawave subcarrieR, represents
the poweronly inthe fundamental harmonidshe only harmonics that will beecovered).

With a suppressed carrier, on the othand, the totaleceived signgbower and the data
power are the same.

P =R, suppressed carrier (4)

If two telemetry channelare present or if one telemettyannel and a
ranging codeare present, more complicated expressions are ne&deedxample, with
two telemetry channels, each of which hascmarewave subcarri¢or one with no
subcarrier and one with a squarewave subcarrier), the carrier and data powers are:

P. = R cog 0, co$6, (5)
P, = P-sin’@, co$ 6, (6)
P,, = P.cos 6, sirf e, (7)

whereR,; andP,, are the data powers for thest and second telemetchannels an@,
and®, are the corresponding modulation indices.

The input energy per bit to noise spectral density ratio (bit SNR) is

E P,

b
No  NoRerr

(8)

where R;;; is thebit rate (beforeencoding). The energy psymbol tonoise spectral
density ratio (symbol SNR) is
E__RK

NO NO I:eSYM

9)

whereR,,, is thesymbolrate (afterencoding). For aonvolutionalcodewith coderater

(r=12,14,0r16),

Ry =21 (10)

r
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2.3 Receiver Acquisition

This section describes normal acquisitionth& Block-V Receiver. There
is a "Fast Acquisition" algorithm under development for use thighBlock-V Receiver,
but it is not described here because iitasyet operational and because ihgg applicable
to all users. (Fascquisition canonly be used whenthe symbol rate is low.) No
complete description of normal acquisition fbe Block-V Receiver has, as yeéen
published. Fast Acquisitionyhich is similar in manyespects to normal acquisition of the
Block-V Receiver, has been described in Reference 3.

The general procedure for normal acquisition of the Block-V Receiver is as
follows. The carrier frequency is measured by searchimdownlink signal spectrum in
fixed bandwidthsections using #&ast Fourier Transform (FFT).This is astrue for
suppressed-carrier downlinks as ifos residual-carrier downlinks. With a suppressed
carrier, some signal processing that precedes the FFT causes a colligtamotiulation
sidebands into @one (located at théequency ofthe phantom carrier) thaan be
identified bythe FFT. Once tone is found, FFTs are computed for tha@jacent
bandwidth sections iarder toverify that the true tone was found, as opposed talias
from one of these adjacent bandwidth sections. Tlemfamation FFT, centered at the
detected tone, is computed in order to verify that the tone was not a strong signal that was
just passinghrough. Such a set of FFTs produces an accunatesure of the carrier
frequency. The Block-V Receiver is designed to also compute, when necessrgf a
FFTs in order to get accurateeasures of the subcarrigequency andsymbol rate.
Commonly,however, it isnot necessary to measuttee subcarriefrequency angymbol
rate, since theirpredicts areusually quite accurate. Next, thieumerically-Controlled
Oscillator (NCO) in the carrier loop setwith theaid ofthe information fromthe FFTSs,
and the carrier loop is closed (enabled). In the subcarrier loop and symbol loop, the NCOs
are set and the loops clos@xhabled). The loop closuresay beselected to occur in
parallel or in series. Whehe loops ar@nitially closed, the loogain normalizations are
set in accordwith available predictions; butwhen phase-lock is indicated liye lock
detectors, the cohereAGCs areenabled, allowindoop gain normalizations to be based
on the actual received signal.

231 FFT

The FFT is an optiongart of theacquisitionprocess. It i©nly needed
whenthe signal's frequency uncertaintygseater tharone-halfthe initial loop bandwidth
of the tracking loop. Oftergnly the carrier loop requires the computation of FFTs: the
subcarrier angymbol frequencieare oftenwell enough known that they neemt be
measured with FFTs.

An FFT takes a sequence of data points as input.sdingle frequency of
these data points, here denotgddepends in general on the typedafabeingprocessed

and thesymbolrate. For the current softwadelivery (OP-B) of the Block-VReceiver,
f is given in Table 3.

10
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Table 3: FFT Sample Frequencies

Data Type Sample Frequency
Residual Carrier 2000 Hz

Suppressed Carrier minimum of 2000 Hz &yg,
Subcarrier minimum of 500 Hz aify,,,
Symbol minimum of 500 Hz arfi},,,,

Ry is thesymbolrate. For theesidual-carrier FFTf is 2000 Hz, regardless of the
symbolrate. For the suppressed-carrier FEJequalsR;,,, when this is less than 2000
Hz; otherwise f is limited to the carrier interrupt rate of 2000 Hz. For the subcarrier and
symbol FFTs,fg equalsR;,,, when this is less than 500 Hz; otherwifeis limited to 500

Hz.

In general, a number of FFTigay need to beomputed before the signal is
found. The search bandwidth is explored in sections, with one FFT computsthor
section. A section is selected by an appropriate setting of the NUO@s setting
determines the center of the section. The bandwidth of each section is determined by the
data type and by, as shown in Table 4.

Table 4: FFT Section Bandwidths

Data Type Section Bandwidth
Residual Carrier foo —fg/2 5 +f42
Suppressed Carrier fg/2: —f /4 +fJ4
Subcarrier fg/2: —f /4 +fJ4
Symbol fg/2: —f /4 +fJ4

The tone representing the carri@r subcarrier orsymbol rate) will be considered
detectedwithin a givensection wherthe corresponding FHRdicatesthe presence of a
tone whose powedevel falls within anacceptance range centered on the predicted tone
power. The acceptance range is characterized by a liowtedelta,, ., in decibels and

an uppeltimit delta, in decibels. Theser of the Block-V Receiver will select the

two parameterd

upper?

ando

lower upper*

Even after atone isinitially detected, more FFTwill, in general, be
computed. An FFT for each bivo adjacent sections is computedonter tocheck for
aliases. Such an aliakeck is, however, optional; tiie frequency predictionare quite
good, the alias checks are unnecessary.

There is also a confirmation checklThis consists ofone FFT that is
computed with the NCG®et to the tongaluedetected in the previous FFTs. It is used to

11
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verify that the detected tone wast anoise spur (for weak signal acquisitions) dmak
the tone was not a very strong signal that was simply passing through.

The number oflata points thashould be selected for input to a particular
FFT computation will depend on the predicted tone power. algwithmthat should be
used in determining the number of data points is summarized here.

Number of Data Points: 2" (11)

M, the base 2 logarithm of the number of data points, is given by

M= max{Q ,{4.817— 3 58]]Iogo[% E—Ifl—ﬂ} (12)
0 S

where log, Q)is the base 10 logarithm ang is theceiling function. Theceiling function
equals thesmallest integenot kss than itargument. The smallegermissible value for

M is 9, corresponding to®2lata points. P.,,/N, is the computed tone power boise
spectral densityatio (as calculated with equati@h3) for residual-carrier FFT or with
equation (14) foall other FFTs, see belowigures 2 and 3 illustrate the dependence of
the integeM on P.;,/ N, for fg = 2000 Hz andg = 20 Hz, respectively.

For the FFT thatmeasures the carridrequency of a residual-carrier
downlink, P/ N, is given by

Per :(105'°wer/1°)5&3inc2[ 1
N N, 2

0 zP

), residual carrier FFT (13)

whered, ., IS a (negative) number representthg delta, irdecibels, betweethe lower
limit on acceptance and the predicteshe powerlevel. P./N, is the residual carrier
power to noise spectral density ratio. Eiree(()] function is:sinc(x) = sin (Tx)/ (x). F,,

is the zero pad factor. Whé#, = 1, there is no zero padding in the FFT. Whgn= 2,

there are amanyzeros padded to the end of the data points as there are data points. The
size of the sequence that is input to the FFT edqyalBmes the number of data points.

For all other FFTs (i.e., for all FFTs except that for the cdraquency of
a residual-carrier downlinkR.;,/ N, is given by

PCTp:(loa.W/m)D Rovul Es/ N,) _ Bin&[ 1 ) all other FFTs (14)
N, Gl+02(ES/NO) zP

12
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Figure 2: Number of Data Points for FFT; Sample Rate = 2000 Hz
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Figure 3: Number of Data Points for FFT; Sample Rate = 20 Hz
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R\ Is thesymbolrate,and E;/ N, is the predicted energy pgymbol tonoise spectral

density ratio. The coefficients, anda, depend on the particular FFTTable 5 lists

these values.For example for an FFT that is computed arder toidentify the symbol

rate, the coefficienta, anda, are 390 and 880espectively, when there is a squarewave
subcarrier presentFor all loops besidesthe residual carrier loop, the datedulation
sidebandsare employed. That is the reason equation (14) is mommplicated than
equation (13). Equation (14)valid under the assumption thalt loops areslipping(i.e.,

that none of the loopsalie acquired phase-lock)thg data points afgeingcollected. If

some loops have acquired phase-lock before the data points are collected for subsequent
FFTs, then theP.;,/ N, given inequation (14)will be somewhatpessimisticfor these

subsequent FFTs. Equations (13) and (14) are basedodifications tothe theory
presented in Reference 3. (Tihedificationsarenecessary sindbe theory oReference
3 is for the Fast Acquisition algorithm, which is not described in this module.)

Table 5: Coefficients, anda, in the Calculation oP.,,/ N,

FFT Subcarrier a, a,
Suppressed Carrier none 6 4.5
Suppressed Carrier square 18 41
Subcarrier square 18 41
Subcarrier sine 12 18
Symbol none 130 100
Symbol square 390 880
Symbol sine 260 390
2.3.2 Loop Locking

Once the carrieirequency has been fourthe NCO in the carrier loop is
set to the detecteftequency andhe carrier loop is closed (enabled). The lstts at
an initial bandwidth. The loop phase error, initially large, diminishes with time through the
natural feedback action of the loop. Once phase-lock is declatieid dandwidth, the
loop bandwidth igraduallyreduced to itdinal value --the desired operationahlue -- in
a manner consistent with the retention of phase-lock. Whdma#hbéandwidth has been
achieved and the degradationefftective signal levalesulting from transient phaserors
just dropsbelow 0.1 dB, thereceiver is considered to be acquired. THite@al andfinal
bandwidths are controlled by the user, along with the parantlkétrsontrol the rate at
which the bandwidth is narrowed. Starting with loop closure, the time it takes for the lock
detector to indicatghase-lock at thdinal bandwidth is approximatelyen times the
reciprocal of thdinal bandwidth. (For purposes oéstimating acquisition time, however,
it is recommended that twenty timig® reciprocal of thénal loop bandwidth be used.
This admits ofthe possibility hat phase-lock isot indicated in the first lock detection
period.) Thefinal step in the procedure is for the coher&@C loop to beenabled,
providing an accurate estimate of the loop normalization constant.
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The locking ofthe subcarrier anslymbolloops is asimilar process to that
described in the previous paragraph for the carrier loop. The subcarrsmatnalloops
may either belosed (enabled) at tlsame timehat the carrier loop is clos€enabled) or
be closed after the carrier loop has indicated phase-lock. It is the user's choice. In the
former caseall three loops aresimultaneously trying to achieve phase-lockor the
(squarewave) subcarrier asgimbolloops, there is also a transition windavhich has an
initial value, a final value, and a parameter that controls the rate of narrowing.

2.3.3 Acquisition Time

The totalacquisition timefor the Block-V Receiver is estimated as a sum
of two components: theme requiredor the FFT stage of thacquisition process and the
time required for locking the loops.

There is atime associated witlthe collection of enougtiata points as
required for each FFT.For agiven FFT, thistime equalsthe number ofdata points
divided by the sample frequency.

M
Time for each FFT =2f— (15)

S

whereM is given by equation (12). The time required to actually compute an FFT is often
small compared with théime it takes to collect the data points for inputthat FFT.
(Thetime istakes to pad an input sequence with zeros issatedl.) Hence, it is often a
good approximation to use equatifitb) to estimate théme it takes to produce one
FFT.

It is necessary to consideow many FFTs might beequired and to sum
together thendividual FFT times irorder toestimate theéime spent on the FFT stage of
the acquisitionprocess. Consideration must ¢pgen to whether subcarrier osymbol
FFTs will be required. Often, it ot necessary to compute FFTssupport ofsubcarrier
and symbol acquisition. In the bespossible scenario, invhich carrier frequency,
subcarrier frequency ansymbol rate areall very accurately characterized by their
predicts, no FFTs are required. In a miyy@cal scenariohowever, at leastvo FFTs
will be required for the carrier: anitial FFT and a confirmation FFT. In some cases,
more FFTswill be required for carrier acquisition: the search bandwiddly belarger
than a single section bandwidth and alias checking may be required.

A second component of receiver acquisitione isthe time required for
the loops to lock once their NCOs have bseh For each loop, phase-lock will be
achieved and duly indicated by the lock detector in a time that may be estimated as

Time for each loop =289 (16)
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B represents thdéinal loop bandwidth of the loop in question (carrier, subcarrier, or
symbol). Thenumerator in this estimate is twentgther than tenallowing for the
possibility that phase-lock isot indicated in the first lock detection period. Figure 4
illustrates this dependence. tlie loops are acquired parallel, the loop-locking
component of receiver acquisition timey beestimated from equatio(iL6) with the
smallest of alloop bandwidths substituted fBt Typically, the smallestioop bandwidth

is that of thesymbolloop. If the loops are acquired in series, the loop-locking component
of receiver acquisition timenay beestimated as theum ofthe individual loop-locking
times, each of whiclmay beestimated from equation (1&ith the substitution of the
appropriate loop bandwidth. In general, thkowing factors will influencethe user's
choice of loop bandwidths? /N,, dopplerdynamics, oscillator stability, and acquisition

time. For example, larger values & /N, will permit larger loop bandwidths (for more
details, see section 2.4).

For many applicationsthe receiveacquisition timewill be one minute or
less. However, whethe symbol rate and thesymbol loop bandwidth aresmall, the
acquisition time can be mudarger, as large as twenty minutes in extreme cases. The
discussion and equations of this section will serve as a guide to estithatiegeiver
acquisition time.

It would be verydifficult to provide here a set of curvebaracterizing
receiver acquisition timéor all potential cases of interest. There are jost many
possibilities. Not only are there aumber of importantvariables (symbatate, signal-to-
noise ratio, loop bandwidthgquality of frequency predictions) with larggnamicranges,
but the flexibility of the Block-V Receiver permits a wealth different acquisition
strategies. Alias-check FFTs and confirmation-check FR&g or mayot beused.
Subcarrier FFTs andymbolrate FFTsmay or mayot be used.The loopsmay be
acquired in parallel, in series, or in sootder combination. (For example,the carrier
loop might be acquired first, theihe subcarrier ansiymbolloops might be acquired in
parallel.) Although it is1ot practical to provide curves fail potential cases of interest,
three sets of curves are provided in ordetltigtrate how receiveacquisition time varies
with certain key parameters.

Figures 5, 6, and 7 show receiver acquisitiore for avery specificset of
assumptions.For all three of these figures, tlieequency predictare good enough that
only two carrier FFTs (amnitial FFT and a confirmation-check FFT) aecessary and
that nosubcarrier orsymbolrate FFT is required. Furthermore, it is assurtiext the
loops are acquired iparallel. For thesdiguresthe receiveacquisition time is calculated
as twice thé'Time for each FFT", agiven byequation (15)plus 20/B, whereB is the
smallest loop bandwidth (typically the symbol loop bandwidth). The ink¢gerquation
(15) iscalculated from equatior{d2) and (13) o(14). F,, taken to be 1 (i.e., no zero
padding) and,. . taken to be -2 dB.

lower
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Figure 4: Loop Locking Time
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Figure 5: Receiver Acquisition Time; Residual Carrier
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Figure 6: Receiver Acquisition Time; Suppressed Carrier
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Figure 7: Receiver Acquisition Time; Suppressed Carrier
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Figure 5 shows the receivacquisition time (inseconds) for a residual-
carrier downlink as a function of./N, with B, the smallestloop bandwidth, as a

parameter. The frequency predicts have to be reasogaddy toachievethe acquisition
times shown in this figurghe carrier musdte withinthe section bandwidth of thiest
FFT and the subcarrifrequency angymbolrate must bewell enough known to obviate
the need for their measurement.

Figure 6 shows the receivacquisition time (irseconds) for a suppressed-
carrier downlink as a function dEg/N, with B, the smallestloop bandwidth, as a

parameter. Theymbolrate R,,, is 50 sps. The frequency predicts have to be reasonably

good toachievethe acquisition times shown in this figute collapsed carriéone must
lie within the section bandwidth of the first FFT and the subcdraguency andymbol
rate must be well enough known to obviate the need for their measurement.

Figure 7 shows the receivacquisition time (irseconds) for a suppressed-
carrier downlink as a function oR,,, with B, the smbest loop bandwidth, as a

parameter. The energy p®mbol tonoise spectral densitatio is 0 dB. Thdrequency
predicts have to be reasonably good to achieeacquisition times shown in this figure:
the collapsed carrigone mustie withinthe section bandwidth of the first FFT and the
subcarrier frequency arsymbolrate must bewell enough known to obviate the need for
their measurement.

The standard deviation of receiver acquisition time should be approximated
as 50% of the expectextquisition time as given in Figures 5, 6, and 7 or as calculated
using equations (15) and (16).

A comparison of Figures 5, 6, and 7 reveals that receiveacquisition
time increases as the symbol rate decreases, the signal-to-noise ratio decreases, or the loop
bandwidths decrease. Also, the recea@quisition timgor suppressed-carrier operation
will generally be larger than for residual-carrier operation.

2.4 Telemetry Performance

In general, four signal-to-noise ratios affect telemetry performance: the
energyper bit to noise spectral densitgtio and the signal-to-noise ratios in each of the
three synchronization loops (carrier, subcarrier, mdbol). In some casdespecially
with a suppressed carrier) there will be no subcarrier preseatddnfortelemetry to be
supported at given bitrate, B./N, must be large enough that these feur three, if

there is no subcarrier) signal-to-noise ratios are adequate. The paragrhghsemtion
offer guidance in this matter.
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24.1 Comparison of Residual Carrier and Suppressed Carrier

The relative telemetry performance of residual-carrier operation and
suppressed-carrier operation depends strongly doitthete. One scheme is said hawve
bettertelemetry performance than ththerwhen it has a smalleequiredP; /N, for the
support of agiven bitrate at agiven thresholER. In general, resichl carrier has the
better telemetry performance for thery low bitrates andespeciallyfor low bitrates
coupled with larger carrier loop bandwidths (as wouldchéeessary ithe presence of
significantphase noise or uncompensated Dopgyeramics). For intermediate bitates,
suppressed carrier offers significant telemetry performancadvantage overesidual
carrier. Forhigh bitrates, suppressed carrigffers a telemetry performance advantage,
but it isonly about 0.1 dB. Of course, there will bmes in whichthe decision between
residual carrier and suppressed carrier is made on gréwavidsy nothing to do with
telemetry performanceFor example, a residual carrier is sometimes neéoie@ radio
science experiment.

Figure 8 shows dypical case. It compares the requir€l/N, as a
function of bitrate R,; for residual-carrier and suppressed-carrier operation in the case
where a convolutionalk(=15,r =1 4) code is employed anthe threshold BER is
5x107°. Three carrier loop bandwidths are considered: 0.5 Hz, 1 Hz, and 2 Hz.

For Figure 8 it has been assunth@t there is nadditional phase noise
present in the carrier lodgeyond hatresulting from thermal noise. The requirf@d N,
is, in this casethe minimum P /N, thatsimultaneously meets eachtbe following four
constraints. First, the carrier loop signal-to-noise rgtjio ¢ee section 2.4.3) must be at
least 10 dB if tracking a residual carrier or at least 17 dB if tracking a suppressed carrier.
Second, the squarewave subcarrier loop signal-to-noise patjg 6ee section 2.4.4)
must be at least 20 dB. Third, tegmbolloop signal-to-noise ratiop,,, see section
2.4.5) must be at least 15 dB. Fourth, pheductng,[E /N, must be at leagt.5 dB.
System lossng, is here calculated usinipe medium-ratenodel for radio loss (see
Appendix B). For eaclresidual-carrier performance curve it is assuthatlateach point
on the curve theptimum modulation index issed. The subcarrier loop bandwidth and
window factor are assumed to be BMz and0.25, respectively. Thesymbol loop
bandwidth and window factor are assumed to be 50 mHz and 0.25, respectively.

For the case representedfigure 8 withB, = 0.5 Hz, residuatarrier
offers better telemetry performance than suppressed carrier fatdstless than 30 bps,
and suppressed carrier is better forrhtes greater than 30 bps. WHBhy = 1 Hz, the
performances of residual carrier and suppressed canogs at 65 bps. WitB, = 2 Hz,
they cross at 130 bps. Thesambersare specific tothe example consideretere.
However, theessential qualitative features thie curves shown in Figure 8 dree in
general. Residual carrier is better at lowrbies, and suppressed carrier is better at
intermediate bitates (but there is nobuch difference at high biaites). Thebit rate for
which the two performance curves cross increases with carrier loop bandwidth.
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Figure 8: Comparison of Residual Carrier and Suppressed Carrier
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The reason residual carrier performs better than suppressed carrier at the
low bit rates is because a residual-carrier loomas subject tohalf-cycle slips. A
suppressed-carrier loop, on the othand, carslip a half-cycleand therefore requires a
higher carrier loop signal-to-noise raticorder to guarcgainst thesdamaging slips. (A
residual-carrier loop caslip awhole cycle but this isboth ksslikely and less damaging
than a half-cycle slip.)

In order to get the begterformance from residual-carrier operation, it is
necessaryhat themodulation index be optimalr, atleast, near optimal. Each residual-
carrier performance curve of Figure 8 is based on the assumption that the modulation
index is optimized at eagoint on the curve. Figure 9 shows what happetissifis not
the case. In Figure 9, the lower curve (with the better telemetry performancedamtne
as the residal carrier curve witlB, = 1 Hz of Figure 8, with an optimized modulation
index at eaclpoint on the curve. The upper curve of Figure 9 represents residual-carrier
performance wittB, = 1 Hz undeall the same circumstances except ttiet modulation
index isnot optimized at each point on the curve; instead, a single moduiatier of
52° (theoptimum modulation indefor a bitrate of 10 bps) is used for the entire curve.
Thetwo curves of Figure 9 coalesce Bf; = 10 bps, of course. But fd®,; greater
than 10 bps, a penalty is paid for not ushngappropriat@ptimum modulation index. At
Rsr = 1000 bps, the penalty is about 2 decibels.

24.2 Decoding Threshold and System Loss

Telemetry vill not beproperly decodednlessthe producing,[E /N, is
greater than oequal to theeffective threshold energyer bit to noise spectral density
ratio, f *(BER), that is required by the coding schenmg, is thesystem lossBER is
the threshold bit error rate, ardl) is theideal functional dependence of probability of bit
error onbit SNR (seAppendixA). Table 6lists the effective threshold energyer bit to
noise spectral densitatio, f *(BER), that is required by an uncodek and by each of
three different convolutionallycoded links. For comparable information on a Reed-
Solomon code concatenated with a convolutional code, see module TLM-40.

Table 6: Effective Threshold Energy per Bit to Noise Spectral Density Ratio

Code 5x10°3 1073 10 10°

Uncoded 5.2 6.8 8.4 9.6
k=7,r=12 2.3 3.0 3.8 4.5
(k=15r=14) 0.5 0.9 1.5 2.0
(k=15r=16) 0.3 0.7 1.3 1.8
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Figure 9: Comparison of Optimized and Nonoptimized Modulation Index
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The system losg g, (0<ng,s< 0.93) is a composite loss factor used in

communicationlink budgets to account for théllowing influences on telemetry
efficiency: imperfectcarrier, subcarrier angymbol synchronizatiorand waveform
distortion.

r]SYS: m|n{093,r] RADId]] SU@] SYm \Ak (17)

Nraoio IS radio lossng g is subcarrier demodulation l0s§,,,, is symbol synchronization
loss andh,,, is waveform distortion loss. The component losses are estimated separately

and the resultswultiplied (or their decibel equivalents added)dget the compositeystem
loss. If the product of the compondasses isot ess tha®.93, thenng,s should be

estimated as 0.93 (i.e-10logng,s= 0.3dB).

2.4.3 Carrier Synchronization

Two different circuitsare used for carrier synchronization, depending as
the tracking is residual carrier or suppressed carrier. The suppressed carrier circuit is a
Costas loop.

2431 Residual Carrier

A residual carrier signal can be tracked whetharatrthere is g@ubcarrier
(squarewave or sinewave) present and whetheisymbolsare non-return-to-zero or
Manchester.

When tracking a residual carrier, the carrier loop signal-to-noise ratio is

PC
N, B

P = (18)

There is an additional loss to the carrier loop signal-to-noisewhén tracking a residual
carrier withnon-return-to-zer@ymbols inthe absence of a subcarridris loss isdue to
the presence of datgdebands overlayintpe residual carrier in tfeequency domain and
thereforeincreasinghe effective noisdevel for carrier synchronizationp, , in this case,
must be calculated as (Reference 4)

_ PC D 1
" N,B 1+2E/N,

P (19)

Imperfect carrier synchronization results in a higheetotr probability for
the recovered telemetdata than would be the case if perfect tracking could be achieved.
Radio loss is a measure of this discrepancy betweeideal and what is achieved in
practice. Figured0, 11, 12and 13 show the effect of radio loss with residual carrier.
Figure 10 is for uncoded telemetry. Figutds 12and 13 are foconvolutionallycoded
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(k=7,r=22), (k=15r=124) and k =15, r = 1 6) telemetry, respectivelyFor each of
these figures it has been assuntbdt subcarrier andsymbol synchronization and
waveform symmetry iperfect andthat transmitterand solar phase noisenisgligible.
Furthermore, it has been assuntiegt the high-rate radimss model is valid.Hence, for
Figures 10 througl3, Neys = Nraoio = Nurw- 1 HE high-rate model with residual-carrier
tracking and static phaseror isdefined by equationd-2) and (B-6) ofAppendix B. In
equation (B-6) the substitutiocrq,2 =1p, has been made; this tke assumption of
negligibletransmitter and solar phase noise. The purpose of thesggtoes is to show
the effect of imperfect carrier synchronization (due to thermal noise and statieploase
on telemetry performance.

The radio loss irdecibels(i.e., =10l0gnx,p0) IS SIMmply the horizontal
distance between theaselinecurve and the curve that represents performance in the
presence of imperfect carrier synchronization. In comparing several curveanframne
figure, it is evidenthat radioloss is a function of botp, and the threshold BER. In
comparing different figures, it is evident that radio loss is a function of the coding scheme.

In each of Figures 10 throudI3, there are three curves, corresponding to
static phase errors of 0, 3, and 5 degrees, forlabk ofp, . Uncompensated Doppler
dynamics cause static phase error (Appendix C).

With residual-carrier tracking it is important to make an optimal selection
of the modulation index. In genertile optimum valugor modulationndex is a function
of the bit rate, the carrier loopandwidth, the coding scheme, and the threshold BER.
Figure 14 shows the optimum modulation index for uncoded telemetry. Figures 15 and 16
show the optimum modulation indexor convolutionally coded k=7,r=12) and
(k=15r=24) telemetry, respectively. The optimum modulationdex for
convolutionallycoded k=15 =1 6) telemetry is approximatelthe same aghat for
(k=15 =Y 4) telemetry.

The curves of Figures 14 through 16 defined bytwo constraints:p,
should be greater than or equal to 10 dB angtbductn,,,E,/N, should be greater
than the threshold effective energy per bit to noise spectral density ratio (as given in Table
6) corresponding to a threshold BER of 5 °10The medium-rate radio loss model, the
most generally applicable model for radio loss, has been used.

To good approximation, thgptimum modulation indices of Figure 15 may
also be used for a concatenated Reed-Solomon (255, 2@8Ydlutional k=7,r=1/2)

code with an end-to-end threshold BER 010
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Figure 10: Telemetry Performance; Uncoded, Residual Carrier
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Figure 11: Telemetry Performance; Conv. Code (k=7, r=1/2), Residual Carrier
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Figure 12: Telemetry Performance; Conv. Code (k=15, r=1/4), Residual Carrier
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Figure 13: Telemetry Performance; Conv. Code (k=15, r=1/6), Residual Carrier
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Figure 14: Optimum Modulation Index; Uncoded
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Figure 15: Optimum Modulation Index; Conv. Code (k=7, r=1/2)
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Figure 16: Optimum Modulation Index; Conv. Code (k=15, r=1/4)
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To good approximation, thgptimum modulation indices of Figure 16 may
also be used for a concatenated Reed-Solomon (255, 223) / convollkieda| { = 1 4)
code with an end-to-end threshold BER of*10n addition, this same figureay beused
for a concatenated Reed-Solomon (255, 223) / convoluti&ral, r = 1/ 6) code.

Sometimes, it is important tiake transmitter and solar phasase into
account. This is especiallyrue for operatiorclose to the sun or for one-way or two-way
noncoherent operation with akuxiliary Oscillator (or some oscillator, serving as the
source of the downlink carrier, that has relatively poor frequency stability).

Radio loss ray, more generally, beegarded as a function of the carrier
phase error varianae,”.

2

Oy

=pi+oT2+ch2 radt (20)
L

o,” is the contribution of the transmitter phase noise to the @hasevariance in the

carrier loop anas’ is the contribution of solar phase noisg,” is a function of8, and

the statistical properties of the transmitter phase nédippendix D offers suggestions for
estimatingo,®. If the sun-earth-probengle is smallg.’ will be significantand must be

taken into account.Appendix E provides estimates of> as a function of sun-earth-
probe angle an@, .

In general, as a firgtep inestimating radio losghe carrier phaserror
varianceoq,2 should be calculated using equat{@0). Then radio loss will be calculated

as a function ob,>. Appendix B provides the details.

It is recommended that tli@llowing constraint on residual-carrier tracking
be observed.

o,” <0.10 radf (21)

In the absence of transmitter or solar phase nthgebecomesp, =10.0 (10 dB) In
general, with transmitter or solar phase noise pregsemgeds to be larger yet.

Figure 17 shows the high-rateodel radio loss for residual-carrier tracking
of uncoded telemetry. Figures 18 and 19 show the high-rate model radio loss for residual-
carrier tracking of convolutionallgoded k=7,r=172) and k=15r=1 4 telemetry,
respectively. Sincthe performance of thate 1/6convolutional code is close that of
the rate 1/4 code, the radumss for the kK =15, r = 7 6) code iswell approximated by the
curves of Figure 19.
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Figure 17: Radio Loss (HRM); Uncoded, Residual Carrier
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Figure 18: Radio Loss (HRM); Conv. Code (k=7, r=1/2), Residual Carrier
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Figure 19: Radio Loss (HRM); Conv. Code (k=15, r=1/4), Residual Carrier
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The 5x 10° BER radio loss curve of Figure IBay also be used as an
estimate of radio loss for a concatenated Reed-Solomon (255, 228jvdélutional
(k=7,r=1/2) code with an end-to-end threshold BER 0’10

The 5x 10° BER radio loss of Figure 1fhay also be used for as an
estimate of radio loss for a concatenated Reed-Solomon (255, 2Z28)vélutional
(k=15,r =1 4) code with an end-to-end threshold BER 0f’10In addition, thissame

curve may beused for a concatenated Reed-Solomon (255, 228pntolutional
(k=15 =16) code.

Appendix B contains exponential approximationgh® curves oFigures
17 through 19.

2.4.3.2 Suppressed Carrier
A suppressed carrier is tracked with a Costas Iddps loop haddifferent
statistical properties than does the residual-carrier loop; thus, radio lossdifileEnt in

this case. Appendix B summarizes the models.

When tracking a suppressed carrier, the carrier loop signal-to-noise ratio is

_SR
P = N.B (22)

whereS§ is the squaring loss of the Costas loop (Reference 5).

2 Es
§=—o (23)
1+2—=S
0
Radio loss is a function of the carrier phase error variragfce
2 1 2 2
o, =—+0.*+04 rad (24)

P

As before,o.” and o’ are the contributions of transmitter and solar phase noise,
respectively, to the phase error variance in the carrier loop (see Appendices D and E).

Figure 20 shows the high-rateodel radio loss for suppressed-carrier
tracking of uncoded telemetry. Figures 21 and 22 show the higmaoate radio loss for
suppressed-carrier tracking of convolutionalbded k=7,r=22) and k=15r=14)
telemetry, respectively. Sintlee performance of thate 1/6convolutional code is close
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to that of the rate 1/4 code, the radmss for the K=15r=16) code is well
approximated by the curves of Figure 22.

The 5x 10° BER radio loss curve of Figure 2day also be used as an
estimate of radio loss for a concatenated Reed-Solomon (255, 228jvdélutional
(k=7,r=1/2) code with an end-to-end threshold BER 0’10

The 5x 10° BER radio loss of Figure 2fhay also be used for as an
estimate of radio loss for a concatenated Reed-Solomon (255, 2Z28)vélutional
(k=15,r =1 4 code with an end-to-end threshold BER 0f°10In addition, thissame

curve may beused for a concatenated Reed-Solomon (255, 228pntolutional
(k=15r=16) code.

Even though each of Figures 20 through 22 has a horizaxitathat
extends to 0.05 ragoperation beyond 0.02 rad not recommended.

o,” <0.02rad (25)

Violating this recommendationilvlead to(at least) an occasiondhklf-cycle slip. In the
absence of transmitter or solar phase noisequality (25) corresponds to
p,.=250.0 (17 dB). See Reference 6. In general, with transmitter or solar phiase
presentp, needs to be larger yet.

Appendix B contains exponential approximatidos suppressed carrier
radio loss.

24.3.3 Two-Way Coherent

Radio loss for two-way coherent operatimay beapproximated bysing
the same curves as for one-way tracking, but using a modified carrier phase error variance.

When the spacecraft is tracked in a two-way phase-coherent mode, the
carrier phaserror varianceoq,2 in the ground receiver is increased by a portion of the

phase noise (of thermal origin) introduced on the downlink by the spacecraft transponder.

(0) =

2 —
=1 G BroB) o o (26)
pL PC/ N0|U/L

whereG is the spacecraft transponder ratio aF@(;INOLJ/L is theuplink residual carrier

power tonoise spectral densityatio. B,; and B, are the (one-sidedjoise-equivalent
carrier loop bandwidths of the transponder and ground receiver, respectively.
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Figure 20: Radio Loss (HRM); Uncoded, Suppressed Carrier
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Figure 21: Radio Loss (HRM); Conv. Code (k=7, r=1/2), Suppressed Carrier
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Figure 22: Radio Loss (HRM); Conv. Code (k=15, r=1/4), Suppressed Carrier
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Equation (26) is avalid approximationonly if B,>B,. &g is the

contribution of solar phase noise to the phaser variance inthe carrier loop; itill
generally belarger for two-way coherent operation than for one-way or two-way
noncoherent operation (see Appendix E).

Figure 23 shows an example of two-way coherent radio loss. lilgtrat
both uplink and downlink are  residual carrier and X-band. A convolutional
(k=15r=14) code is used with threshold BER ok 5 10 The solar phasaoise
contribution isnegligible,and B, is much larger tha® . The figure show&ow two-
way coherent radio loss depends on tipdink and downlinkcarrier loop signal-to-noise
ratios.

244 Subcarrier Synchronization

Subcarrier demodulation losg, ; (0<ng < 1) is a contributor teystem

loss. It is the result dmperfect subcarrier synchronization. In gendra, subcarrier
demodulation loss is a function of subcarrier loop signal-to-noise ratio, the coding scheme,
the threshold BER, and the type of subcarrier (squarewave or sinewave).

The signal-to-noise ratipg ; in a subcarrier synchronizatiéoop isgiven
by (Reference 7)

2\ .
(—) E—I&EfDL squarewave subcarrier
= mn V\éUBBSUB NO (27)
pSUB SS
— E—Pi sinewave subcarrier

BSUB NO

Bsus Is the (one-sided)oise-equivalent subcarriop bandwidth. S ; is thesquaring
loss of the subcarrier loog-or a squarewave subcarri€, is the power irall the data
modulation sidebands; wherefsr asinewave subcarrierP, is the power in the
fundamentaldatamodulation sidebands onlyFor a squarewave subcarriéy,, is the
subcarrier loop window factolM, ;=2", wheren = 0, 1, 2, 3, or 4). Avindow is not
used with sinewave subcarriers. The squaring Rgs is, in the case of either
squarewave or sinewave,

(28)
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Figure 23: Two-Way Radio Loss (HRM); Residual Carrier, X-up/X-down
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It is recommendethat thefollowing constraint on subcarrier tracking be
observed.

Psus =100 0 (20 dB) (29)

Figure 24 shows subcarrier demodulation loss for a squarewave subcarrier
as a function ofpg, for uncoded telemetry. As is evident from this figure, the

dependence on threshold BER is ratheld. Figures 25 and 26 shows subcarrier
demodulation loss for a squarewave subcarrier as a functipg),pfor convolutionally

coded k=7,r=12) and k=15r=1 4 telemetry. Sincé¢he performance of thate

1/6 convolutional code is close to that of thée 1/4 code, theubcarrier demodulation
loss for the K =15, r = ¥ 6) code is well approximated by the curves of Figure 26.

Appendix F summarizeghe subcarrier demodulation lassdels.
Exponential approximations are given there.

245 Symbol Synchronization

Imperfectsymbol synchronizatioresults in dinite symbol synchronization
loss ngyy (0<ngyw<1), which is a contributor to system loss. Thesymbol

synchronization loss is a function of symbol loop signal-to-noise ratio.

The signal-to-noise ratipg,,, in the symbol synchronizatioloop isgiven
by (Reference 8)

2
Do = g B2 (30)
(2m) WeymBsym No

whereBg,,, is the (one-sided) noise-equivalent symbol loop bandwidt}y, is thesymbol

loop window factor \\,,, = 2", wheren = 0, 1, 2, 3, or 4)and S,,,, is the squaringpss

of the symbol loop.S,,,, takes on values from O to 1 aasymptotically equals fbr large

values ofEg/N,. Figure 27 shows,,,, (dB) as aunction of E;/N,. Appendix G gives
equations for calculating,,,,.

It is recommended that tliellowing constraint orsymbol synchronization
be observed.

Py 2316 (15dB) (31)
The inequality (31) is based on thassumption that theymbol transition density is

approximately0.5 othigher. If thesymboltransition density is closer @25, then it is
recommended that,,, be at least 18 dB.
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Figure 24: Squarewave Subcarrier Demodulation Loss; Uncoded
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Figure 25: Squarewave Subcarrier Demodulation Loss; Conv. Code (k=7, r=1/2)
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Figure 26: Squarewave Subcarrier Demodulation Loss; Conv. Code (k=15, r=1/4)
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Figure 27: Symbol Loop Squaring Loss
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Nsyy IS @pproximatelyhe samefor all coding schemes and threshold BERs
of interest. Figure 28 showsymbol synchronizatiodoss as a function opg,,,..
Appendix H summarizes the model and gives exponential approximations.

2.4.6 Waveform Distortion
Deviations of either the subcarrier waveform orgyn@bolwaveform from

ideal will adversely affect telemetperformance. In general, waveform distortloss
Nwo (fractional and dimensionless)ti'e composite loss factor that incorporates both of

these deviationsn,,,, in turn, is a contributor to the system logs,

In the case of no subcarrieanly the symbol waveform deviation is of

2
Nwo = 1- ZEEATSYM) + ZEEATSYM) (32)
TSYM TSYM
Tsym IS the symbol period in seconds &k, ,, its asymmetry. It is recommendet the

rise andfall times(10 to 90 percent points) of tkgmbolwaveform be equal to dess
than 1 percent of the symbol period and that asymmetry be equal to or less than 2 percent.

concern.

In the case of a squarewave subcarrier,

2 2
r]WD - |:1_ 2ATSUB:| 1_ ZI:EATSYM) + ZI:EATSYM) (33)
TSUB TSYM TSYM

Tsug IS the subcarrier period in seconds &g ; its asymmetry.
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Figure 28: Symbol Synchronization Loss
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Appendix A Ideal Functional Dependence of BER df) /N,

The functional dependence of BER on3MR, E, /N,, in theidealcase of
no system loss (i.e., with a system loss of 0 dB) is here denoted

Baseline: ~ BER=f(E,/N,) (A-1)

This performance is never achieveghractice. Nonetheless, thikalized performance is
a useful reference (baseline) from which to measateal performance. For uncoded
telemetry,

f(x)= %erfc(ﬂ) (A-2)
where

erfc(x) =1-erf(x) =1- e’ dy (A-3)

.
)

For convolutionallycoded telemetry, thibaseline telemetry performanceajgproximated
as

f(x)= min{%, exf a, — alx)} (A-4)

where thecoefficientsa, anda, depend on the particular convolutionatle, asndicated
in Table A-1.

Table A-1: Coefficients, anda, for Equation (A-4)

Code 3y &

(k=7,r=12) 4.4514 5.7230
(k=15r=14) 9.8070 13.431
(k=15r=16) 9.8070 14.064

54



810-5, Rev. D; Vol. |
TLM-21

Appendix B Radio Loss

Three different models for radio loase summarized in this appendix: the

High-Rate Model (HRM), the Low-Rate Model (LRM), and the Medium-Ratelel
(MRM). When thesymbolrate ismuch larger thathe carrier loop bandwidth, radmss

may beaccurately predicted with the HRNhis model will,therefore, beralid for many
applications ofthe Block-V Receiver. When tlsgmbolrate ismuch smallethan the
carrier loop bandwidth, radio lossay bepredicted with theeiRM; however,the symbol

rate israrely this small. The common use of the LRM is as a component, along with the
HRM, in an interpolation that is intended to model radio lo$lsase cases favhich the
symbol rate is notmuch larger tharthe carrier loop bandwidth (Referer®)e This
interpolation is called the MRM.

B.1 High-Rate Model (HRM)

The HRM for radio loss igalid whenthe symbolrate ismuch larger than
B,. Forsmaller symborates, itgives pessimisticesults. The HRM radio |0s$},,,
(fractional and dimensionless), is given by

_ f(BER)

= B-1
Nhrm E N, (B-1)

where f (0} is theideal functional dependence of probability ofdgitor onbit SNR (see
AppendixA), corresponding to zemecibels of system loss. the above equation (B-1)
E,/N, is the actuabit SNR needed tachieve a given threshoBER in the presence of

imperfect carrier synchronization; it is the solution of the following equation

w2
BER= j {%co§(p)p(p((p)d(p (B-2)

-2 0

where p,(¢) is theprobability density function ahe carrier loop phas&ror ¢ and BER
is, as before, the threshold bit error rate. When tracking a residual carrier,

— X{ @ :|
pF((p)_

J exp{cc(zs;“ }dw’

-2 ®

ld<m2 (B-3)

55



810-5, Rev. D; Vol. |
TLM-21

When tracking a suppressed carrier,

(B-4)

2
¢

p(p((p): w2 ! MST[/Z
'[ eX{cosZ }dllJ

-2

For either casep,(¢) is assumed to beero for|¢>1/2. The parametes,’ is the

carrier loop phaserrorvariance. The presence tff) in equation (B-2meansthat the
HRM depends on the coding scheme; it also depends on the threshold BER.

The HRM radio loss for residual-carrier tracking has been evaluated by use
of equations (B-1), (B-2) and (B-3); the results are showfigares 17 through9. In
thosefigures radio loss igiven as a positive decibel quantityhat is tosay, Figures 17
through 19 plot-10logn, gy -

The HRM radio loss for suppressed-carrier tracking has been evaluated by
use of equations (B-1), (B-2) and (B-4); the results are showigures 20 through 22.
In thosefigures radio loss igiven as a positive decibel quantityhat is tosay, Figures
20 through 22 plot10logn, gy -

Exponential approximations to the HRM agiwen in TableB-1. The
parametercrq,2 is, as beforethe carrier loop phasaror variance in units of r&d The

radio loss for the K=15r=16) code isapproximatelythe same asthat for the
(k=15r=14) code. The approximations of Talel arevalid for o(pz in thefollowing

range

(B-5)

o) 01 rad, Residual Carrier
¢ 7 l0.02rad?, Suppressed Carrier

If the computed radio loss greater than 3.0 dB (i.e., #10logn,, > 3.0), the result
should not be trusted.

Whenthere is a static phaseror &, caused by dopplatynamics,p,(¢)
has a different form. For a residual-carrier loop

o
o p{coscp cpsmﬁspe}

2

Oy

Po(®) =3 : . |d=smw2 (B-6)
[ oot

2
O(P

-2
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B.2 Low-Rate Model (LRM)

The LRM is strictlyvalid only for extremely lowsymbol rates, namely
when the symbol rate is much less than the carrier loop bandwidth, which isharehge
in practice. The real value tife LRM is its use in the interpolation scheme of the MRM
to help tamehe pessimism othe HRM forrelatively low symbolrates. The LRM is
independent of the code and the threshold BER, so itnach simplettheory than the
HRM. The LRM radio lossy, -, (fractional and dimensionless), is given by

2 2
Nirm :[ J- Ccospp, ((p)d(p] (B-7)

—T[/Z
where p,(¢) is the probability density function of the carrier loop phase ecror

The LRM radio loss for residual-carrier trackingdefined by equations
(B-7) and (B-3). TheLRM radio loss for suppressed-carrier trackinglaBned by
equations (B-7) and (B-4). Exponential approximations to the LRM are givenTiable
B-2. The parametetrrq,2 is, as beforethe carrier loop phasa&ror variance in units of

rad®. The approximations of TablB-2 arevalid for o,° in the rangedefined by
inequality (B-5).

Table B-2: LRM Radio Loss (dB) =10logn, xy, go(eq"wz —])

Tracking Radio Loss Radio Loss
Mode Coefficientc,  Coefficientc,
Residual 4.0 1.1
Suppressed 0.56 7.3
B.3 Medium-Rate Model

In general, radio loss can most accurately be modeled by an interpolation
between the HRM and LRM. This interpolation, the MRM, is

Numrv = AN pr + (1_ a)r] LRM (B'S)

wheren, s is the MRM (fractional andimensionless) estimate kdio loss ané is the
interpolation factor given by

a=— 1 (13- b (1_gemmw) (B-9)
4 BL TSYM 8 BL-I_SYM
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Table B-1: HRM Radio Loss (dB) =10log Nz GO(

Tracking
Mode
Residual
Residual
Residual
Residual
Residual
Suppressed
Suppressed
Suppressed
Suppressed
Suppressed
Residual
Residual
Residual
Residual
Residual
Suppressed
Suppressed
Suppressed
Suppressed
Suppressed
Residual
Residual
Residual
Residual
Residual
Suppressed
Suppressed
Suppressed
Suppressed
Suppressed
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uncoded
uncoded
uncoded
uncoded
uncoded
uncoded
uncoded
uncoded
uncoded
uncoded
k=7r=%2)
k=7r=%2)
k=7r=12
k=7r=%2)
k=7r=12
k=7r=12
k=7r=%2)
k=7r=12
k=7r=12
k=7r=%2)
k=15r=14
k=15r=14
k=15r=14
k=15r=14
k=15r=14
k(=15r=14
k(=15r=1 4
k(=15r=14
k(=15r=14
k(=15r=1 4
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Threshold

BER

5x10°3

58

Radio Loss
Coefficientc,

0.000023
0.30

0.24
0.21
0.11
0.066
0.11
0.085
0.041
0.010
0.0030
0.45
0.45
0.34
0.21
0.13
0.13
0.098
0.067
0.044
0.021

e

002 _ ])

Radio Loss
Coefficientc,
8.1
10.5
17.5
35.2
55.5
15.2
18.5
29.3
62.7
244,
17.7
21.6
28.7
45.8
64.7
34.6
42.5
65.2
116.
174.
16.6
18.8
27.3
43.1
61.5
38.4
46.9
65.4
93.4
135.
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In equation (B-9)B, is the (one-sided, noise-equivalent) carrier loop bandwidtiTgpd

is the symbol period (the reciprocal adymbolrate). The parametens,.,, and n zy
appearing in equation (B-7) are dimensionless fractions. If Tables B-1 and B-2 are used to
estimate the HRM and LRM radio losses, the posiigeibel quantities must first be
converted to the dimensionless fractiops,, andn ., before equation (B-8) is used.

Appendix C Static Phase Error

The Block-V Receiver, with either a type 2 or type 3 ld@s a very large
tracking range; even a Doppler offset of several megahertz daacked. With dinite
Doppler rate, however, there will be a static phase error in a type 2 loop.

TableC-1 shows the static phasgor in thecarrier loop of the Block-V
Receiverthat results fronvarious Dopplerdynamicsfor several differenbops. These
equations are based on therk reported inReferencel0. The Doppledynamics are
here defined byhe parametera andf3. B, is the (one-sidedhoise-equivalent loop

bandwidth of the carrier loop.
o = Doppler RateKlz/s) (C-1)
B = Doppler AccelerationHz/s") (C-2)
The equations of Tabl€-1 arevalid for either residual-carrier or

suppressed-carrier (Costas loop) operation of the Block-V Receiver. In the presence of a
persistent Doppler acceleration, a type 2 loop will periodically slip cycles.
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Table C-1: Static Phase Error (rad) for Block-V Receiver

Constant Constant Constant
Range- Derivative of Second Derivative of
Rate Range-Rate Range-Rate
Constant Constant Constant
Loop Doppler Doppler Doppler
Offset Rate Acceleration
type 2, oM o o 271
standard 0 16B,? 16B 2 t- 64B,°
underdamped
type 2, 251 o 253 ). 1253
supercritically 0 32B,2 B2 | 1288 °
damped - -
type 3, 121671 B
standard 0 0 80008 *
underdamped
type 3, 35937
supercritically 0 0 16384 °
damped
Appendix D Transmitter Phase Noise

Transmitter phase noise contributes to the pleas® in thereceiver's
carrier loop. This contribution is a zero-mean random process, and its variance equals

S(H1- H( ) df racf (D-1)

2
O(P

1
O &~ 8

where § ( f) is the one-sided power spectdansity ofthe transmitter phase noise and
H(f) is the phase transfer function of the caoep. S ( f), with units ofracf/ Hz is
related toL,(f), the ratio(in decibels) othe modulatiorsidebandpower spectraflensity

to the residual carrier power (Reference 11).
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Ly(f)=10l0g( 5,1 (D-2)

Table D-1 lists approximate solutions to equation (D-1) for several types of
carrier loop and fotwo types of phase noise. The approximate expressions of this table
are valid for the Block-V Receiver tracking either a residual carrier or a suppressed
carrier. B, is the (one-sided) noise-equivalent carrier loop bandwidth.

Table D-1: Carrier Phase Error Varianog’ (rad’)

type 2 type 2 type 3 type 3
standard  supercritically  standard  supercritically
underdamped  damped underdamped  damped

_S 3.7 3.0 4.5 3.8
fl=—2 —_— = - ==
S(h=5 5 5 S 5 S 5 S

.S 8.7 7.7 12.8 10.5
fl== o AR
S(0=5 7S 55 57 S 57

For example, ifthe transmitter phase noiseflisker-of-frequency (i.e.L,(f) decreases

with Fourier frequency at a rate of 3@lecibelsper decade) in thigeequency range of
interest, and ifL,(1 HZ) =-45 dB¢ Hz then S ( f) may bemodeled asS,/ f* with S,

given by2x 109 = 0.000063.

Appendix E Solar Phase Noise

When the sun-earth-protamgle issmalland the spacecraft lieyond the
sun, microwave carriers pick up phasmtillations in passinghrough the solar corona.
There is a resulting contribution to pha&seor in thecarrier loop. Themagnitude of the
effect is highly variable, depending on the activity of the sun. Equation (E-1) below, based
on the work reported ilReferencel2, offers a coarse estimate of the average solar
contribution, in units of rad to carrier loop phaserror variance. It isvalid for the
Block-V Receiver tracking either a residual carrier or a suppressed carrier and for sun-
earth-probe angles betweehdnd 27.

[T
oS = _Cba”§45 <P, B°<B<27 (E-1)
(sinB)~" 0B~
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In equation (E-1)B is the sun-earth-probangle andB, is the (one-sidedhoise-
equivalent carrieloop bandwidth. C_, , is a constant for givenset of operatingpands.
For one-way or two-way noncoherent operation,

E-2
19x10° X-down (E-2)

2.6x10°, S-down
Cband :{
For two-way coherent operation,

6.1x10°, S-up/S-down
C,og =44.8x10%, S-up/X-down (E-3)
5.5x10°, X-up/X-down

Coop IS @ constant for a given carrier loop.

5.9, standard underdamped type 2 loop
5.0, supercritically damped type 2 loop

= E-4
Croon 8.2, standard underdamped type 3 loop (E-4)
6.7, supercritically damped type 3 loop
Appendix F Subcarrier Demodulation Loss

The subcarrier demodulation logg ; (fractional and dimensionless) is

_ f(BER)
sUBT T — N1 F-1
n E N, (F-1)

where f(0) is theideal functional dependence of probability ofdgitor onbit SNR (see
AppendixA), corresponding to zemecibels of system loss. émuation (F-1)E /N, is

the actuabit SNR needed tachieve a given threshoRER in the presence of impect
subcarrier synchronization (witthe assumption of perfect carrier aydbol
synchronization); ithe case of a squarewave subcatrrier, it is the solution dlldwsing
equation

_ W2 Eb _ 2 2
BER= _;[VZ {N—O[l ;[|cp|} )p(p(cp)dcp (F-2)

where BER is, as beforéhe thresholdit error rate. Theprobability density function
p,(®) of squarewave subcarrier loop phes®r ¢ is modeled as having a Gaussian form

within the limits|q < 172 and as zero outside those limits.
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— 2 2
0,(9) =+ Xl Paud’/2) (F-3)

J- eXF( _psusq-’z/z) dyg

-T2

where pg 5 IS the squarewave subcarrier loop signal-to-noise ratio as confputed
equation (27). Equations (F-1), (F-&)d (F-3)definethe subcarrier demodulatitoss

model for a squarewave subcarrier. The presené@bin equation (F-2neanghat the
subcarrier demodulation loss depends on the coslhgme; it also depends on the
threshold BER. The squarewave subcarrier demodulation loss is shown in Figures 24
through 26. In thoségures subcarrier demodulation loss is given as a posigebel
quantity. That is tosay, Figures 24 through 26 pletlOlogng,. EXxponential

approximations to the squarewave subcarrier demodulation loggvanein TableF-1.
The subcarrier demodulation loss for the=(L5, r = 1/ 6) code is approximatelhe same

as that for thel(=15,r = 1 4 code.

Table F-1: Squarewave Subcarrier Demodulation Loss (dB) = 11QJogc,(p5,9%,
wherepg,; is the dimensionless signal-to-noise ratio in a squarewave
subcarrier loop.

Code Threshold Subcarrier Subcarrier
BER Demodulation Loss Demodulation Loss

Coefficientc, Coefficientc,
uncoded 107 6.3 -0.55
uncoded 5x10° 6.6 -0.56
uncoded 107 7.7 -0.58
uncoded 10™ 9.8 -0.61
uncoded 10°° 13. -0.66
(k=7,r=12) 107 12. -0.65
(k=7,r=12) 5x10° 13. -0.66
(k=7,r=12) 10°° 16. -0.69
(k=7,r=12) 10™ 21. -0.74
k=7,r=12 107 29. -0.78
(k=15r=14) 107 22. -0.73
(k=15r=14 5x10° 25. -0.76
(k=15r=14) 10°° 31. -0.79
(k=15r=14) 10 40. -0.83
(k=15r=14 107 53. -0.87
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For asinewave subcarriethe subcarrier demodulation loss is governed by
equations (B-1), (B-2) and (B-4yhich alsocharacterize the HRM radio losgth
suppressed carrier, except thgf is replaced byl/pg,s, Wherepg,; is the sinewave

subcarrier signal-to-noise ratio as defined in equation (27). Exponential approximations to
the sinewave subcarrier demodulation laa® given in TableF-2. The subcarrier
demodulation loss for th&k €15, r = 1/ 6) code is approximatelthe same aghat for the
(k=15r=14) code.

The approximations of Table F-1 and Table &r&valid for pg ; in the
following range

100 0 (20dB), squarewave subcarrier
SUB2 (F-4)

50.0 (17 dB), sinewave subcarrier

Table F-2: Sinewave Subcarrier Demodulation Loss (dB) = -10lgg= c,(e*/*== - 1),

wherepg,; is the dimensionless signal-to-noise ratio in a sinewave
subcarrier loop.

Code Threshold Subcarrier Subcarrier
BER Demodulation Loss Demodulation Loss
Coefficientc, Coefficientc,
uncoded 107 0.27 15.2
uncoded 5x10° 0.21 18.5
uncoded 107 0.12 29.3
uncoded 10™ 0.031 62.7
uncoded 107 0.000023 244,
(k=7,r=12) 1072 0.11 34.6
(k=7,r=12) 5x10° 0.085 425
(k=7,r=12) 107° 0.041 65.2
(k=7,r=12) 10™ 0.010 116.
(k=7,r=172) 10°° 0.0030 174.
(k=15r=14 107? 0.13 38.4
(k=15r=14) 5x10° 0.098 46.9
(k=15r=14) 10°° 0.067 65.4
(k=15r=14 10™ 0.044 93.4
(k=15r=14 107 0.021 135.
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Appendix G Symbol Loop Squaring Loss

Symbol loop squaring l0s8,,, is given by (Reference 8)

[erfwm )Y [N o) |

Sy = (G-1)

W 2
o Es/Ny - [ - expl = Bo/ o)+ B Noerf(( N))}
where the error function is given by
2 ¢
erf(x) = —= j e” dy (G-2)
n 0
Appendix H Symbol Synchronization Loss

The symbol synchronization logs,,, (fractional and dimensionless) is

f-{(BER)
Nsym = BN, (H-1)

where f (0} is theideal functional dependence of probability ofdgitor onbit SNR (see
AppendixA), corresponding to zemecibels of system loss. éguation (H-1)E /N, is

the actuabit SNR needed tachieve a given threshoRER in the presence of impect
symbol synchronization(with the assumption of perfect carrier and subcarrier
synchronization); it is the solution of the following equation

BER- 1 «[E—[ 2{ [ "d) }Dp (©) dop (H-2)

where BER is, as beforéhe thresholdit error rate. Theprobability density function
P,(®) of symbolloop phaseerror @ is modeled as having a Gaussian form within the

limits |@ < 772 and as zero outside those limits.

- 2
0,(9) =+ Xl =Pon2) (H-3)

J- eXF(_pSYMqJZ/Z) dy

-2
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In equation (H-3p,,, is the symbol loop signal-to-noise ratio as computed from equation

(30). Equations (H-1), (H-2and (H-3)define the symbol synchronizatiotoss model.
The symbol synchronizatiooss is shown in Figur@8, where it is represented as a
positive decibel quantityThat is tosay, Figure 28 plots10logn.,,. While in principle

Nsyy Should depend on the coding scheme and the threshold BER, imcgcts
approximatelythe samefor all coding schemes and threshold BERSs of interessimfile
exponential approximation is

'10|0913YM = Z'SDSYM) % dB (H'4)

whereps,,, is the dimensionless signal-to-noiatio in thesymbolloop as computeftom
equation (30). This approximation is valid for,, in the following range

Poy =316 (15dB) (H-5)
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